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We present an architecture for inspection or mapping of a target spacecraft, referred to as
chief, in an orbit around Earth using multiple spacecraft, referred to as deputies (or) observers,
in stable Passive Relative Orbits (PROs). We use an information gain approach to directly
consider the trade-off between gathered data and fuel/energy cost. The four components of
our architecture are: 1) information estimation, 2) state estimation, 3) motion planning for
relative orbit initialization and reconfiguration, and 4) relative orbit control. The information
estimation quantifies the information gain during inspection of a spacecraft, given past and
potential future poses of all spacecraft. The estimated information gain is a crucial input to the
motion planner, which computes PROs and reconfiguration strategies for each of the observers
to maximize the information gain from distributed observations of the target spacecraft. The
resulting motion trajectories jointly consider observational coverage of the target spacecraft
and fuel/energy cost. For the PRO trajectories, we design a fuel optimal attitude trajectory that
minimizes rest-to-rest energy for each observer to inspect the target spacecraft. We validate
our architecture in a mission simulation to visually inspect the target spacecraft.

Nomenclature

LVLH = Local-Vertical Local-Horizontal Frame
ECI = Earth Centered Inertial Frame
PRO = Passive Relative Orbit
POI = Points Of Interest on surface of the target spacecraft
FoV = sensor field of view
# = number of deputies (or) observers
(G, H, I) = relative orbit coordinates in LVLH frame
x8 = state of the 8th observer spacecraft
x̄8 = nominal trajectory of the 8th observer spacecraft
< = mass of the observer spacecraft
= = mean motion of the target spacecraft
u = control input for relative orbit dynamics
U = convex control constraint set
A = state transition matrix for continuous time
B = input matrix for continuous time
Ad = state transition matrix for discrete time
Bd = input matrix for discrete time
) = time step
q = attitude of the observer spacecraft as quaternion
q̄ = nominal attitude trajectory of the observer spacecraft
lll = angular velocity
J = inertia matrix of the observer spacecraft
3 = torque
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A1q–A1w–A2w = state transition matrices of linearized attitude dynamics
� = information cost
s = sampled POI on the target spacecraft
p = pose of sensor on the observer spacecraft
P = set of all sensor poses
F = variance from prior model
5¹p–sº = variance of estimating POIswith a sensor at posep
q¹sº = relative importance of POIs
3<8= = minimum safe distance from the observer to the target spacecraft
3B = desired sensing distance from the observer to the target spacecraft
l ;>F , l <83 , l �86� = loop frequency of low-, mid-, and high-rate components

I. Introduction
Autonomous on-orbit servicing [1] and inspection of a spacecraft is a key enabling technology for increasing the

mission lifetime, improving the safety of the human space�ight, and gaining an insight into the health of the spacecraft.
Inspection and mapping of known or unknown space objects in Earth's orbit is the �rst essential step towards on-orbit
servicing capabilities that include refueling, repairing, assembling, and upgrading of space assets [2, 3]. State-of-the-art
approaches for on-orbit inspection include robotic manipulators with rails for extended work space, single servicing
spacecraft [4, 5], and astronaut intervention. These approaches have severe limitations: the capability of manipulators are
limited due to mechanical constraints [4]; the single service orbiter has payload constraints; and astronaut intervention
is expensive, and potentially dangerous. A team of collaborating spacecraft has the potential to provide augmented
capabilities with enhanced robustness and versatility at a reduced cost and time [6, 7]. Thus, we propose to use a
distributed spacecraft formation for on-orbit inspection. The multi-spacecraft approach has additional challenges [8, 9]
of coordination, synchronization, and communication. The technologies for small spacecraft such as CubeSats are
maturing quickly, making multi-spacecraft servicing closer to a reality [10� 13]. In this work, we present a Guidance,
Navigation and Control (GNC) architecture for inspection or mapping of a target spacecraft, referred to as chief, in an
orbit around Earth using multiple spacecraft, referred to as deputies, in stable Passive Relative Orbits (PROs).

We assume that the target spacecraft is in a low Earth orbit, and the deputies are deployed from the target spacecraft.
We design stable relative parking orbits for initial formation deployment. From the onset of formation deployment, our
guidance algorithm focuses on designing PROs and recon�guration strategies for each of the deputies to maximize
the information gain from distributed observation of the target. The resulting motion trajectories jointly consider
(a) observational coverage of the target spacecraft, (b) fuel/energy cost and, (c) collision checking while iteratively
acting upon updates from estimation. The planner strives towards computational e�ciency to make real-time on-board
computation possible, while making trade-o� between optimality as needed. The capabilities of the proposed planner
framework are demonstrated on a design reference mission involving up to 5 spacecraft performing coordinated
inspection of a target spacecraft using simulations. The four components of the proposed architecture, shown in Fig. 1,
are: 1) information estimation, 2) state and inertial frame estimation, 3) guidance (or) motion planning, and 4) control. In
this work, we assume that the state and inertial frame estimation algorithms are available and focus on motion planning
for information maximization. The information estimation quanti�es the information gain of the target spacecraft,
given past and potential future poses of all the observer spacecraft. The estimated information gain is a crucial input to
the motion planner, which considers a set of alternative PROs and decides when and how to recon�gure the observer
spacecraft, while approximately maximizing the information gain and minimizing delta-V. For computational e�ciency,
both information estimation and motion planning modules rely on simpli�ed attitude dynamics. Our controls component
ensures PRO initialization, safe recon�guration, and instrument pointing.

A. Related Work
The prior research on autonomous on-orbit servicing can be classi�ed into three lines of work: 1) vision-based

navigation and mapping with control [14, 15], 2) formation maintenance control [16] for inspection, and 3) single
spacecraft �ight mission [4]. The main focus of the vision-based navigation [17] research has been to develop inspection
and mapping algorithms using sensors such as monocular cameras and laser range �nders. Using the navigation
estimates, a pointing control and formation maintenance control was designed to ensure that the target body is within
the �eld of view of the sensors. This work is applicable to single spacecraft missions and does not take into account the
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Fig. 1 Proposed multi-spacecraft GNC system architecture for autonomous inspection and mapping.

overall formation maintenance and safety during the inspection task. We propose an architecture that can be integrated
with any of the aforementioned navigation algorithms and extends to multi-spacecraft collaborative inspection by using
an information metric to design stable relative orbits and minimum energy attitude motion plan for inspection.

A very recent work considers a centralized approach [16] to integrate formation relative orbit planning and control
for the inspection task but is limited to the scenario where the target spacecraft are continuously tracked by the observer
spacecraft using attitude control. The algorithm presented in this paper is applicable to a wide range of scenarios when
the full pose information about the observer spacecraft is available. Along with the work on algorithm development, the
recent mission Seeker [4] demonstrated on-orbit inspection using a single observer to track and estimate the bounding
box of the Cygnus spacecraft in both dark and light background with neural networks.

B. Paper Organization
The paper is organized as follows. We discuss the problem formulation along with preliminaries on the relative

orbital dynamics in Section II. The main algorithm along with extension to distributed inspection is presented in
Section III. In Section IV, we present the distributed inspection algorithm for inspecting the target spacecraft model by
computing and tracking optimal observation trajectories of multiple observer spacecraft. We conclude the paper in
Section V with a brief discussion on the results of the proposed architecture.

II. Problem Formulation
In this section, we discuss the concept of operations of a typical Earth orbit inspection mission with the target

spacecraft as an example along with the preliminaries for the proposed architecture. The scenario considered in this
paper has three phases, see Fig. 2. In the �rst phase, the small observer spacecraft are deployed from the target spacecraft
and begin a drift phase. The drifting spacecraft are then inserted into a parking PRO or an initial PRO in the second
phase. In the third phase, the spacecraft in stable relative orbits are used for inspecting the target. As needed, the
spacecraft recon�gure to a new set of PROs to inspect a previously unobserved surface area on the target spacecraft.
In this paper, we use the Hills-Clohessy-Wiltshire (HCW) equations to describe the relative orbital dynamics of the
observer CubeSats. For the stable relative orbit initialization and recon�guration phase, we formulate an optimal control
problem withL 1 fuel cost and safety, energy matching as constraints, and solve it using sequential convex programming
(SCP), similar to prior work [18]. The planned trajectories are tracked using a model predictive control formulation
of the convexi�ed problem. During the inspection phase, we represent the attitude dynamics using quaternions. The
attitude planning is done using a combination of slerp interpolation and SCP with norm constraint on the quaternions.
We use an existing nonlinear feedback controller for attitude tracking [19]. In the following, we brie�y review the HCW
equations, the energy matching condition for stable relative orbits, and convexi�cation of optimal control problems for
relative orbit and attitude motion planning.
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(a) Three observer spacecraft deployed from the target spacecraft.(b) Initialization of the deployed observer spacecraft into stable relative
orbits.

(c) Recon�guration of the observer spacecraft to inspect a di�erent
surface area on the target.

(d) Pointing control for inspection of the target spacecraft.

Fig. 2 Concept of operations of an inspection mission for observing a target spacecraft with multiple observer
spacecraft deployed.

A. Relative Dynamics
The relative orbit dynamics [20, 21] of the observer spacecraft with respect to the target spacecraft in chief orbit are

described in a Local-Vertical Local-Horizontal (LVLH) frame¹G– H– Iº as shown in Fig. 2a that is �xed to the target
spacecraft. TheGcoordinate is in the chief orbit's radial direction, theI coordinate is de�ned in the angular momentum
direction, and theHcoordinate completes the right handed coordinate system. We assume that the target spacecraft's
dynamics is de�ned by the Gauss's variational equation [22],

¤æ= fc¹æº ¸ G¹æºuc– (1)

whereæ2 R6 is the orbital element vector in the ECI frame, the bias termfc determines the rate of change ofæ, andG
is the control allocation matrix for the control inputuc 2 R3. In the LVLH frame, the functional form of the relative
orbital dynamics of the8th observer is de�ned as follows:

¤xi = f i ¹xi–æ–¤æ–uiº– (2)
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where the bias termf8 depends on the target's dynamicsæand the force inputui . For the de�nitions offc, f i , andG
see [22]. We assume that the target spacecraft is in a circular orbit, the linearized relative dynamicsf i of the8th observer
spacecraft for continuous control inputDi in the LVLH frame are as follows:

¥G� 2=¤H� 3=2G=
5thr

<
DG– ¥H¸ 2=¤G=

5thr

<
DH– ¥I ¸ =2I =

5thr

<
DI – (3)

where= =
q

` •A3
0 is the mean motion of the target spacecraft,` is the gravitational constant,A0 is the radius of the chief

orbit with respect to the ECI frame, and< is the mass of the observer spacecraft. The control inputu = »DG– DH– DI ¼>

scales the thruster force5thr similar to a pulse-width modulated signal. These dynamics in Linear Time Invariant (LTI)
state-space form are given by:

¤x = Ax ¸ B
u
<

– (4)

wherex = »G– H– I–¤G–¤H–¤I ¼> . The matricesA andB are given in Eq. (40) (appendix).
The discrete-time dynamics for a time step) is given by:

x»: ¸ 1¼= Adx»: ¼ ¸Bdu»: ¼–with Ad = 4A� C– Bd =
¹ )

C=0
4A� CB

<
3C– (5)

where: is the current time-step, and� Cis the discretization time step. The matrixAd is given in Eq. (41). For
continuous controlu¹Cº the input matrixBd is given in Eq. (42).

The LTI dynamics with control inputu is used in designing trajectories for reaching a stable relative orbit and for
recon�guration maneuvers to a new set of stable relative orbits. The relative orbits for parking and inspection are
designed using the energy matching condition discussed below in Eq. (6), which results in passively stable orbits that
require minimum fuel for maintenance.

The global criterion for stable relative orbits is given by the energy matching

1
2

�
¹ ¤G� =Hº2 ¸ ¹ ¤H¸ =¹G¸ A0ºº2 ¸ ¤I 2

�
�

`
p

¹A0 ¸ Gº2 ¸ H2 ¸ I 2
= �

`
2A0

• (6)

In Eq. (6), the energy of the observer is matched with that of the target spacecraft at all timeC. Using this criteria to
design the orbits of the deputies results in a bounded relative motion with respect to the LVLH frame. For simpli�ed
analysis, we use a subset of the energy matched orbits de�ned by the following initial condition constraint for the HCW
dynamics whenu = 0:

¤H0 = � 2=G0– (7)

where¤H0 is the initial velocity inHdirection andG0 is the initial position in the LVLH frame. The initial� + in H0 is
computed using the initial position information. We use this condition to generate a pool of stable relative trajectories
and search for an optimal trajectory in the pool for conducting the inspection mission.

B. Relative Orbit Initialization and Recon�guration
The trajectory design for stable relative orbit initialization and orbit recon�guration is formulated as a �xed-time

optimal control problem withL 1 fuel cost. For# observer spacecraft the optimal control problem is given in the
following problem.

Problem 1 Centralized Continuous Time Relative Orbit Recon�guration

JPRO = min
xi –u8–82f1–•••–#g

#Õ

8=1

¹ C5

C0
ku8¹Cºk13C (8)

s•t ¤x8 = Ax8 ¸ Bu8 8C2 »C0– C5¼ (9)

kC¹x8 � x9ºk2 � A2 8C2 »C0– C5¼– 9 ¡ 8– 9= f 2– • • • – #g (10)

u8 2 U 8 C2 »C0– C5¼ (11)

x8¹C0º = x80 & x8¹C5º = x8 5 (12)
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where8denotes the observer and82 f1– • • • – #g, C = »I3� 3 03� 3¼, A2 is the minimum safe allowable distance between
two spacecraft,U is a convex control constraint set, andx80 andx8 5 are the initial and terminal conditions of the8th

observer. The optimal control problem is transformed to a convex optimization problem by using the discrete dynamics
in Eq. (5) and convexifying the collision constraint in Eq. (10) about a nominal trajectory¹ �x8–�u8º, given the full trajectory
¹ �x9–�u9º of the neighboring observer spacecraft9, as discussed in prior work [23, 24]. For each observer spacecraft8the
following decentralized convex optimization problem is solved to compute the trajectory.

Problem 2 Decentralized Discrete Time Convex Relative Orbit Recon�guration

JPRO8 = min
xi –u8

) � 1Õ

: =0

ku8»: ¼k1 � C (13)

s•t x8»: ¸ 1¼= Adx8»: ¼ ¸Bdu8»: ¼ 8: 2 f1– • • • – )� 1g (14)

¹ �x8»: ¼ � �x9»: ¼º> C> C¹x8»: ¼ � �x9»: ¼º � A2kC¹ �x8»: ¼ � �x9»: ¼ºk2
8: 2 f0–1– • • • – )g– 9 ¡ 8– 9= f 2– • • • – #g (15)

u8»: ¼ 2 U 8: 2 f0–1– • • • – )� 1g (16)

x8»0¼= x80 & x8») ¼= x8 5 (17)

where) is the number of time steps in the time interval»C0– C5¼, : = 0 and: = ) correspond to the initial condition and
terminal condition, respectively. Problem 2 is used to compute a safe trajectory for stable relative orbit initialization and
recon�guration. The choice of initial and terminal conditions for each phase of the mission in Fig. 2 is discussed in
Section III. The convex program is initialized with a straight line trajectory from initial to terminal conditions as the
nominal trajectory. Amodel predictive control(MPC) formulation of the above problem can be used for controlling the
spacecraft to track the designed trajectory [23, 24]. The orbital dynamics and attitude dynamics are assumed to be
decoupled for the motion planning and control design. We discuss the attitude dynamics and trajectory design problem
formulation in the following sections.

C. Attitude Dynamics
The attitude of the spacecraft can be represented by any attitude representations including quaternions [25], Modi�ed

Rodrigues Parameters (MRPs) [25], and SO(3) rotation matrices. For the attitude planning problem we use quaternions
q 2 R4 andkqk2 = 1, q 2 H, whereH is the Hamiltonian space and have a bijective mapping to the quaternion sphere.
The attitude kinematics equation is given using the body angular rates8 = »l 1– l 2– l 3¼> 2 R3. The kinematics of
quaternions are given as

¤q = 
 ¹8 ºq– (18)

where
 ¹8 º is given in Eq. (43). The attitude dynamics is as follows:

¤8 = � J� 1¹8 � J8 º ¸ J� 13– (19)

whereJ is inertia tensor of the observer,3 is the input torque, and� denotes the vector cross product. The continuous
dynamics is linearized around a nominal trajectory¹ �q–�8 º and the functional form of the linear system is de�ned in the
following equations:

¤q = A1@¹q � �qº ¸ A18 ¹8 � �8 º ¸ 
 ¹ �8 º �q–whereA1@= m
 q
mq

�
�
�
¹q–8 º=¹ �q–�8 º

–A1l = m
 q
m8

�
�
�
¹q–8 º=¹ �q–�8 º

(20)

¤8 = A2l ¹8 � �8 º ¸ J� 13 � J� 1¹ �8 � Jº �8 –whereA2l = �
m¹J� 1¹ �8 � Jº �8 º

m8

�
�
�
8 = �8

• (21)

The linearized equations are discretized for a time interval� C0 and time steps) 0 and represented as follows to use in
the sequential convex programming formulation:

q»: ¸ 1¼= A1@¹ �q–�8 –� C0º»: ¼q»: ¼ ¸A1l ¹ �q–�8 –� C0º»: ¼q»: ¼ ¸C1¹ �q–�8 –� C0º»: ¼– (22)

8 »: ¸ 1¼= A2l ¹ �8 –� C0º»: ¼ ¸J� 13»: ¼ ¸C2¹ �8 –� C0º»: ¼– (23)

where: 2 f1– • • • – )0g is the time step. The matricesA1@, A1l , C1, A2l , andC2 are computed using the symbolic
Python packageSymPy. The linear, discrete form of the attitude dynamics is used to construct a sequential convex
programming problem for designing a smooth and optimal attitude trajectory.
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D. Attitude Planning Problem
The attitude planning problem is formulated as the following optimal control problem with a norm constraint on the

quaternions:

Problem 3 Continuous Time Attitude Planning

Jattitude = min
q–8 –3

¹ C5

C0
k3¹Cºk23C

s•t ¤q = 
 ¹8 ºq 8C2 »C0– C5¼

¤8 = � J� 1 ¹8 � J8 º ¸ J� 13 8C2 »C0– C5¼

q> q = 1 8C2 »C0– C5¼

k3k1 � gmax 8 C2 »C0– C5¼

q¹C0º = q0–8 ¹C0º = 8 0 & q¹C5º = q 5–8 ¹C5º = 8 5–

(24)

wheregmax is the maximum torque that can be applied on the spacecraft using reaction wheels, and¹q0–8 0º and
¹q 5–8 5º are the initial and terminal orientation and angular velocity, respectively. The solution of the optimal
control Problem 3 is a minimum energy attitude maneuver from initial orientationq0 to a terminal orientationq 5 . We
use the discrete dynamics in Eqs. (22) and (23) to formulate the following convex optimization problem given a nominal
attitude�q and angular velocity trajectory�8 .

Problem 4 Linearized Discrete Time Attitude Planning

Jattitude = min
q–8 –3

) 0Õ

: =0

k3»: ¼k2� C0 (25)

s•t Eqs.(22)and(23) 8: 2 f0– • • • – )0 � 1g (26)

�q»: ¼> q»: ¼= 1 : 2 f0– • • • – )0 � 1g (27)

3»: ¸ 1¼ �3»: ¼ � U� C0 : 2 f 0– • • • – )0 � 2g (28)

k3»: ¼k1 � gmax : 2 f 0– • • • – )0g (29)

q»0¼= q0–8 »0¼= 8 0 & q») 0¼= q 5–8 ») 0¼= 8 5 (30)

The norm constraintkqk2 = 1 is convexi�ed by quasi-linearization around the nominal trajectory�q, leading to the linear
equality constraint�q> q = 1. We additionally introduce the constraint in Eq. (28) to account for the actuator dynamics,
whereU is a constant depending on the input signal to the actuators. For a given initial and terminal quaternionq0 and
q 5 , we initialize Problem 4 by computing the nominal quaternion�q trajectory using slerp interpolation. The nominal
angular velocity trajectory�8 is computed using�q and the kinematics in Eq. (18). Problem 4 is solved using sequential
convex programming. The attitude motion plan is tracked using the nonlinear control law derived in prior work [19]. In
this paper, we integrate Problem 2, Problem 4, and control algorithms [19, 23] with an information cost and derive an
algorithm for active inspection of a spacecraft.

III. Main Distributed Inspection Algorithm
Our approach has four major components: information estimation, state estimation, motion planning, and control,

see Fig. 1. The information estimation quanti�es the information gain of the target spacecraft, given past and potential
future poses of all the observer spacecraft. The estimated information gain is a crucial input to the motion planner, which
considers a set of alternativepassive relative orbits(PROs) and decides when and how to recon�gure the spacecraft,
while approximately maximizing the information gain and minimizing the control e�ort. For computational e�ciency,
both information estimation and motion planning modules rely on simpli�ed attitude dynamics. Our controls component
tracks the planned motions at runtime. We assume that an accurate estimate of the LVLH frame and the full state of the
observer spacecraft in the LVLH frame and the target spacecraft in the ECI frame are available at all times during the
guidance and control.

We �rst discuss the centralized implementation of the algorithm and then discuss on the extension to distributed
architecture with communication between observers. The algorithm is implemented using a hierarchical framework,
where di�erent components are executed at di�erent frequencies, see Fig. 3. In an o�ine pre-processing stage, we use a
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rough prior model of the target spacecraft to generate PRO candidates as well as a ray casting database, which is a data
structure that enables e�cient computation of the information gain at runtime. Our motion planning module runs at a
low ratel ;>F , e.g., once per orbit. It uses the PRO candidates, ray casting database, as well as information database to
decide whether and how the spacecraft should recon�gure to di�erent PROs. These PROs are maintained using our PRO
controller at a mid-ratel <83 , e.g., every few seconds. At the same timescale, we plan for new desired attitudes, take
pictures of the target spacecraft, and update our relative state estimate and information cost. At the highest ratel �86� ,
e.g., several times per second, we use attitude trajectory optimization and control. The pseudo code of our approach is
given in Algorithm 1 for centralized implementation.

Fig. 3 The multi-level and multi-timescale hierarchical architecture for combined orbit and attitude planning
and control for an inspection task.

A. Prerequisites: Information Metric

1. Information Gain
To quantify the information, we assume that we have a (rough) prior model of the target spacecraft and sample

points of interest(POIs) on its surface. The overall goal is then to minimize the variance of the estimation of all POIs.
Speci�cally, we introduce theinformation cost, � , based on prior work [26], as follows:

� POI¹sº = ©
­
«

F � 1 ¸
Õ

p2P

5¹p–sº� 1ª
®
¬

� 1

(31)

� =
Õ

s2POIs

� POI¹sºq¹sº– (32)

wheres 2 R3 is a sampled POI on the target spacecraft's surface,F 2 R is the basic variance based on the prior model
of the target spacecraft,p 2 (� ¹3º is the pose of a sensor mounted on a spacecraft such as a camera,P is the set of all
sensor poses,5¹p–sº estimates the variance of estimating POI ats with the sensor atp, andq¹sº 2 R is the relative
importance of POIs. The cost� is similar to Bayesian sensor fusion, where the estimates are fused using the con�dence
in the noisy sensor outputs. This formulation can handle important cases such as multiple spacecraft observing the same
POI well. Additionally, minimizing� also minimizes the expected variance of the estimation of the POIs [26].

For a camera, the function5¹�–�º corresponds to information per pixel. Minimizing5entails computing the location
and orientation of the camera to optimally capture a POI. The choice of5 can directly incorporate other sensor or
spacecraft characteristics, such as the current uncertainty of the spacecraft's pose estimate, the accuracy of the sensor
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Algorithm 1 Multi-level Hierarchical Guidance and Control Architecture

1: Input 1: Prior rough model of the target, points of interest (POI) on its surface, and the number of observers#
2: Input 2: Initialized instance of theinformation cost(Section III.A.1) andinformation database(Section III.A.2)
3: Input 3: Minimum safe distance3min and desired sensing distance3B from the observer to the target, sensor �eld

of view
4: Input 4: Pose estimates of all the observers and the LVLH frame available to all the observers at all time

Pre-processing [O�ine]

5: procedurePreprocessing(Inputs 1, 2, 3, 4)
6: GeneratePRO candidatepool as discussed in Section III.B.1
7: Generateray casting database
8: Initialize information databaseusing prior model
9: return PRO candidates, information database, ray casting database

10: end procedure

Low-Rate [loop frequency: l ;>F ]

11: procedureLowRate(PRO candidates,information database, ray casting database)
12: Generate an optimal set of# PROs that minimizesinformation cost, see Section III.C.1
13: for eachobserverin f 1– • • • – #gdo
14: Compute# recon�guration plansfor theobserverto each selected PRO, see Section III.C.2
15: end for
16: Compute optimalPRO assignmentto each observer that minimizes total recon�guration cost, see Section III.C.3
17: return recon�guration plan, PRO assignment
18: end procedure

Mid-Rate [loop frequency: l <83 ]

19: procedureMidRate (recon�guration plan, PRO assignment, information database, ray casting database) • The
PRO initialization and recon�guration can be done using decentralized control.

20: for eachobserverin f 1– • • • – #gdo
21: if recon�guration planis availablethen
22: Executerecon�guration planusing MPC controller discussed in [23]
23: Plan attitude using visibility check with theray casting database
24: information update, see Section III.D.1 • Communicateinformation updateto the observers.
25: else
26: Propagate the assigned PRO, HCW dynamics using Eq. (7)
27: Maintain Stable HCW usingPRO controller, see Section III.D.3
28: Plan attitude using visibility check with theray casting database
29: information update, see Section III.D.1 • Communicateinformation updateto the observers.
30: end if
31: end for
32: return attitude plan, information update
33: end procedure

High-Rate [loop frequency: l �86� ]

34: procedureHighRate(attitude plan)
35: for eachobserverin f 1– • • • – #gdo
36: Attitude trajectory optimization using Problem 4
37: Nonlinear attitude control using the smooth trajectory as reference input [19]
38: end for
39: end procedure
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based on the distance betweenp ands, or the lighting conditions. Here, we use a simple formulation of5 assuming an
RGB camera sensor and no environmental noise [27]:

5¹p–sº /

(
dist2¹p–sº svisible fromp
1 otherwise

– (33)

wheredist¹p–sº is the Euclidean distance between POIs and posep. In practice, computing5 requires an e�cient
visibility check. Since we have a rough prior model of the target spacecraft, we propose to use aray casting database,
which uses pre-processing to speed up visibility checks signi�cantly, see Section III.B.2.

2. Information Database
Let P be the set of all sensor poses. For each POIs, we store the set of sensor posesp 2 P that can observesas

PPOI¹sº, i.e.:
PPOI¹sº = f p 2 Pj 5¹p–sº �nite g• (34)

We call the data structure that storesPPOI¹sº for all s 2 POIsinformation database. We use the fact that our state
estimator uses the common LVLH frame for all the observers, making direct pose exchanges feasible. The information
database is compact and can be stored locally on each observer. Furthermore, if the covariance of the pose estimate is
available, it can be communicated and used as well for an improved uncertainty sensor model5.

B. Pre-processing: PRO Candidates and Ray Casting

1. PRO Candidate Computation
Passive Relative Orbits (PROs) play an important role in the proposed GNC architecture as it provides thrust-free

orbits around the target spacecraft that can be utilized for on-orbit inspection and mapping. With prior knowledge of the
target spacecraft model and the desired sensing distance of a given sensor, we can pre-compute a �nite set of PRO
candidates that will be utilized throughout the on-orbit inspection and mapping in real-time.

To generate a set of PRO candidates to geometrically cover the target spacecraft from varying perspectives in a
systematic manner, we �rst express the solution to HCW Eq. (3) from Cartesian to Phase-Magnitude [20] form:

G¹Cº = dGsin¹=Ç UGº– H¹Cº = dH ¸ 2dGcos¹=Ç UGº– I¹Cº = dI sin¹=Ç UI º (35)

dG =

q
¤G2
0 ¸ G2

0=2

=
– dH = H0 � 2¤G0•=– dI =

q
¤I 2
0 ¸ I 2

0=2

=
(36)

UG = tan� 1 =G0

¤G0
– UI = tan� 1 =I0

¤I 0
• (37)

Then we setdH = 0 to restrict the PRO candidates to be concentric around the target spacecraft. The concentric PROs
ensure collision avoidance [22] between spacecraft as multiple orbits around the target spacecraft are used for inspection.
We further con�ne the PRO candidates to have orbits whose distance to the target spacecraft varies around the desired
sensing distance of the sensor3B by settingdG = 0•53B. Note that these concentric PROs will have semi-major axis of
3B and semiminor axis of0•53B in its G� Hprojection. Then the parameterdI andUI are varied from 0 to23B and
� c•2 to c•2, respectively, to generate PRO candidates to be utilized for the on-orbit inspection. The parameterdI
controls the eccentricity of the orbit and determines how far stretched a PRO is along theI -axis. The parameterUI
rotates a PRO about theI -axis and provides varying cross-sectional view of the target spacecraft. The PROs generated
in this manner are essentially 3D ellipses that are di�erent cross-sections of a 3D cylinder encompassing the target
spacecraft. PROs generated using this technique cover only the radial surface of a cylinder around the target spacecraft.
In order to generate the PROs that cover top and bottom surfaces of the target spacecraft, we set the parameterdI = 3B,
dH = 0, UG = 0, and varydG andUI in the range»3min–0•53B¼and»� c•2– c•2¼, respectively. The parameter3min is the
minimum safe distance to the target spacecraft. An example of generated PROs is shown in Fig. 4. Further, for each
sampled PRO on the 3D cylinder, we compute the delta-V required to initialize stable PRO at that location.

The total number of PRO candidates to be pre-computed will depend on the computational resources available
on the spacecraft. The cardinality of the PRO candidate set should be large enough to be able to densely cover the
target spacecraft, but not too large to enable online computation of PRO recon�guration and assignment planning with
on-board computation in real-time.
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Fig. 4 Nine generated PRO candidates to cover the target spacecraft (blue in the center).

2. Ray Casting Database
In practice, computing5 requires an e�cient visibility check. Since we have a rough prior model of the target

spacecraft, we propose to use aray casting database, which uses pre-processing to speed up visibility checks signi�cantly.
First, we use the model to sample candidate points of interest (POIs). Then, we i) uniformly create potential rays, ii) for
each POI we use ray casting to �nd the subset of the potential rays that are not occluded, and iii) we store the result in a
hash map indexed by spherical coordinates of the rays for fast look-up. At runtime, we �rst convert the position of? to
spherical coordinates and use bilinear mapping of the nearby candidate rays to determine visibility. Second, we consider
the attitude of? and the �eld of view of the sensor. An example of the visibility check for a �xed camera is shown
in Fig. 5.

Fig. 5 An example of the visibility check using ray casting database for a given camera with �xed location,
pointed in � Hdirection with a �eld of view of 30degrees.

C. Low-Rate: Orbit Motion Planning
The orbit motion planner uses thePRO candidates, a set of pre-computed passive relative orbits, and decides when

and how each each of the observer spacecraft should switch to one of the orbits in that candidate set. Our approach uses
three parts: i)PRO candidate selectionbased on minimizing the information cost� , ii) PRO recon�guration planning
to minimize delta-V, and iii) optimalPRO assignment.
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